Introduction
Long-chain polyamines (LCPAs) have found considerable research interest in the context of silica biomineralisation. These molecules were found to be tightly attached to the biosilica from diatoms 1,2 and sponges. 3 LCPAs could even be detected in sedimented diatom silica from the bottom of the oceans. 4 In vitro experiments revealed that LCPAs are capable of accelerating the precipitation of silica from silicic-acid containing solutions. 5 These discoveries have initiated numerous in vitro studies as well as biomimetic silica synthesis experiments. [6] [7] [8] [9] [10] [11] It is therefore commonly assumed that LCPAs are key molecules for the formation of diatom biosilica. However, the molecular interactions between silicic acid/silica species and LCPAs are not yet fully understood. Solid-state NMR investigations including DNP-enhanced experiments on fully 13 C, 15 N, and 29
Si-labeled diatom biosilica have shown that LCPAs are present at the organic/inorganic interface, i.e., in close contact with the silica. 12, 13 Solid-state NMR spectroscopy is in principle able to reveal the interactions at the LCPA-silica interface by using distance-sensitive experiments such as rotational echo double resonance (REDOR [13] [14] [15] [16] ) and others. This is, however, complicated in fully isotope labeled samples due to signal overlap. Specically isotope labeled samples are thus highly desirable. The present manuscript describes the synthesis of specically 13 C, 15 N-labeled LCPAs of similar structure as found in diatoms. It is demonstrated that nanocomposites prepared in vitro from these LCPAs and 29 Si-labeled silica exhibit remarkable dephasing when rotor-synchronous p pulses are applied at the Larmor frequency of 29 Si. That means, the present synthesis
and labeling strategies open new perspectives for the application of advanced solid-state NMR techniques to study the interactions between LCPAs and silicic acid/silica species in detail. Natural LCPAs are microheterogenic mixtures with average chain lengths and variable degrees of methylation. Chemical synthesis allows the incremental variation of LCPA structure and alkylation degree to quantify the markedly different biomineralisation properties of individual LCPA chain lengths.
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Here, we present recent progress on the synthesis of LCPAs and applications for the site-specic labeling of individual nitrogen and carbon atoms.
Results and discussion
The experimental methodology applied for the synthesis of LCPAs has to take into account the increasing basicity of a growing oligoamine chain. Repeated reductive aminations or N-alkylation methods for the assembly of oligoamines containing more than 10 amino groups are hampered by severe analytical problems of the increasingly polar target compounds. Moreover, the analytical purity of synthetic LCPAs is difficult to prove because of non-stoichiometric amounts of TFA and the small 1 H NMR chemical shi dispersion of the alkyl groups. In order to avoid polar oligoamine intermediates, we employ a synthetic strategy which evades them before the very last reaction step. For this purpose, we adapted the borane reduction of oligoamides for the synthesis of LCPAs with up to 18 nitrogens. 18 The oligoamide precursors are obtained by standard amide coupling methods of solid-phase peptide synthesis and nally reduced on the resin. A test cleavage of the oligoamides from the resin and its analytical proof before the nal reduction step is an efficient method to obtain pure LCPAs. The number of chemical transformations is minimized by coupling b-alanine simultaneously on both ends of the growing oligoamide as shown in Fig. 1 .
The secondary amino group of norspermidine reacts regioselectively with 2-chlorotrityl chloride resin when its two primary amines are protected with the DDE protecting
Hydrazinolysis of DDE yields the norspermidine-loaded resin 1a as shown in Scheme 1 (intermediate oligoamides which are linked to the resin are characterized as "a"). The 15 N isotope labels are introduced by coupling of resin 1a with Fmoc-Gly- 15 N to obtain 3a. The test cleavage of a small amount of resin sets free the oligoamide precursor 3b (test cleavages "b" are characterized in the ESI †). Complete borane reduction of 3a nally yields the pentaamine LCPA 4 as a TFA salt aer acidic cleavage from resin. The isolated LCPA TFA salts are characterized in the Experimental section.
Scheme 2 shows the synthesis of the LCPAs 6, 8, and 10 starting either from loaded resin 1a by automated peptide synthesis on a peptide synthesizer or by manual coupling from 2a. These three LCPAs have the same number of 13 nitrogens. The isotope label on 10 were introduced in form of 13 C-enriched glycine. Scheme 3 shows the synthesis of double-labeled LCPAs 12 and 14 which contain two 13 C and two 15 N labels each but differ in the position of the label within the LCPA chain. Si CP Hahn echo of the dried silica gel containing 14 after 10 ms echo time indicating the condensation of Si(OH) 4 by the appearance of Q 3 and Q 4 groups. 6144 scans were acquired. Exponential line broadening was set to 50 Hz.
for the 13 C-29 Si dipolar interaction. Using the simple two-spin approximation, this corresponds to a 13 C-29 Si internuclear distance of 3.35Å. This is unexpectedly low. Furthermore, the two-spin approximation does not describe the measured REDOR curve for long dephasing times. It is, therefore, likely that each carbon label is in contact with more than one 29 Si nuclei. Fig. 3 (right) shows the result of a calculation using the assumption that each 13 
Conclusion
The assembly of LCPAs with 5, 9, to 13 nitrogens bearing sitespecic isotope labels ( 13 C, 15 N or double-labeled) was achieved by borane reduction of an oligoamide precursor on chlorotrityl resin. The number of chemical transformations was minimized by coupling b-alanine simultaneously at both ends of the growing oligoamide chain on resin-linked norspermidine. Solid state NMR spectroscopy identied the close spatial arrangement of 13 C and 29 Si nuclei in biomineralized silica obtained from LCPA 14 and orthosilicic acid. The quantitative NMR analysis of LCPAs containing site-specic labels in different positions elucidates molecular details about the relative orientation of LCPAs and the SiO 4 tetrahedron in amorphous silica. Further systematic variations of LCPAs length and labeling position will yield further atomistic details about the borderline between organic and inorganic matter in diatom biosilica and bioinspired silica nanocomposites.
Experimental section

General
All chemicals and solvents used for the synthesis of peptide building blocks or peptide synthesis were purchased from commercial sources and were not puried further. The puri-cation of the peptides was achieved by semipreparative reversed-phase HPLC with a Thermo Scientic Dionex UltiMate 3000 with a MWD-3000 detector and a Macherey-Nagel VP Nucleodur C18 gravity column (5 mm, 125 Â 21 mm), using the eluents A: H 2 O + 0.1% TFA and B: MeCN + 0.085% TFA. Aer-wards, the peptides were lyophilized with a Christ Alpha 2-4 LDplus. The NMR spectroscopy ( 1 H, TOCSY, HSQC, ROESY, 13 C) was performed with a Bruker AV-300 or AV-500/HD-500 spectrometer. High-resolution ESI(+) mass spectra were recorded in the positive mode with a Finnigan LTQ-FT from Fisher Thermo Scientic.
Resin loading (1a)
N 1 ,N 9 -Bis-1-(4,4-dimethyl-2,6-dioxo-cyclohexylidene) ethylnorspermidine was prepared from norspermidine (1.0 equiv.) in a reaction with 2-acetyl dimedone (2.0 equiv.) by reuxing in ethanol for 4 h. 21 2-Chlorotritylchloride resin (1.6 mmol g À1 ) was loaded with the double-protected norspermidine (6.0-19.0 equiv.) and DIPEA (6.0 equiv.) in DCM (3.0 mL mmol À1 ) at rt for 18 h or 22 h. The resin was ltered,
washed with DCM and MeOH (3.0 mL mmol À1 ) two times for 30 min. Finally, the resin was treated several times with a mixture of NEt 3 /DMF 1 : 4, DMF, MeOH, DCM before it was dried under vacuum. Then DDE-groups were removed with 2% hydrazine in DMF (vol%) three times for 30 min. The resin was washed several times with DMF, MeOH, DCM before it was dried under vacuum. The loading was determined by NMR test cleavage. 
NMR resin test cleavage
A small amount of dry resin (1-2 mg) was treated with triuoroacetic acid (0.1 mL) at ambient temperature. Aer 2-5 min DMSO-d 6 (0.5 mL) were added and the 1 H NMR was measured of the solution.
Automated solid phase peptide synthesis
Peptide 5a was synthesized on a microwave equipped CEM Liberty Blue automated peptide synthesizer. The resin 1a was swollen in DMF for 30 min at ambient temperature. Then resin 1a was treated with Fmoc-b-Ala (5.0 equiv.), DIC, Oxyma in DMF at 50 C for 10 min for each active site. Fmoc deprotection was performed with 20% piperidine in DMF for 2.5 min at 50 C.
Manual solid phase peptide synthesis
Peptide 2a was synthesized manually. Firstly, the precursor resin 1a was swollen in DMF for 30 min at ambient temperature under nitrogen atmosphere. Then, the resin was treated with Fmoc-b-Ala (4.0 equiv.), HBTU (4.0 equiv.), HOBt (4.0 equiv.) and DIPEA (4.0 equiv.) in DMF two times for 60 min for each reactive groups. Fmoc deprotection was achieved with 25% piperidine in DMF for 10 min and 20 min followed by the same washing steps.
Coupling of isotope-labeled Fmoc-Gly
The precursor resin 2a was swollen in DMF for 30 min at ambient temperature under nitrogen atmosphere. The Fmoc group was removed by treatment with 25% piperidine in DMF for 20 min and 10 min followed by the previously mentioned washing steps. Aerwards the resin was treated with FmocGly-15 N (1.5 equiv.), Boc-Gly-15 N (1.5 equiv.) or Fmoc-Gly-1-13 C (2.0 equiv.), HBTU (2.0 equiv.), HOBt (2.0 equiv.) and DIPEA (4.0 equiv.) in DMF two times for 60 min for each reactive groups. The resin was washed several times with DMF, MeOH and DCM before it was dried under vacuum.
Borane reduction
A solution of borane in THF (1.0 M, 25.0 equiv. per amide) was added to the dry resin under nitrogen atmosphere in a ame-dried ask. Aer 30 min at ambient temperature, the reaction mixture was heated to 55 C and kept at this temperature for two to ve days depending on the length of the polyamines. Washing with THF and MeOH was followed by alkaline workup. The resin was treated with 25% piperidine in DMF (25.0 mL g À1 resin) at 55 C for two to ve days. Finally, the resin was suspended in 2% hydrazine in DMF (10 mL g À1 resin). Aer shaking for 30 min the resin was ltered, washed several times with DMF, MeOH, and DCM, the resin was dried under vacuum.
Cleavage and isolation
The oligoamine was cleaved from the resin with 95% aqueous triuoroacetic acid. Aer shaking at ambient temperature for 3 h the resin was ltered and washed with TFA. The combined ltrates were concentrated under reduced pressure and precipitated from cold, dry diethyl ether (30.0 mL). The white solid was washed three times with diethyl ether and lyophilized from water. Si p pulses, respectively.
